Thick AlGaN layers and AlGaN/GaN superlattices have been grown on GaN using metalorganic chemical vapor deposition. Cross-sectional transmission electron microscopy has been used to show that V-shaped surface pits on these samples differ from similar features observed in the InGaN system. Inversion domains and segregated Al are found in the middle of each V pit, and superlattice layers are observed to follow the pit sidewalls.
Thick AlGaN layers and AlGaN/GaN superlattices have been grown on GaN using metalorganic chemical vapor deposition. Cross-sectional transmission electron microscopy has been used to show that V-shaped surface pits on these samples differ from similar features observed in the InGaN system. Inversion domains and segregated Al are found in the middle of each V pit, and superlattice layers are observed to follow the pit sidewalls. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1355996͔
Superlattices and thick layers of AlGaN/GaN and InGaN are of interest for high power and optoelectronic applications. For example, AlGaN/GaN superlattices may be used in high electron mobility transistors in high temperature, high power devices.
1 Previous studies have shown that V-shaped surface defects ͑also known as inverted hexagonal pyramids͒ form on InGaN when the In concentration is high.
2,3 These defects contain excess In on their sidewalls 3 and are always connected to dislocations in the InGaN. 4 Recently, InGaN layers have been shown to end abruptly at such defects. 5 Although similar pits have been observed in AlGaN, 6,7 they have not been studied in detail. Here, we describe the formation of regular V-shaped defects in both thick AlGaN layers and AlGaN/GaN superlattices. Differences are noted between the InGaN and AlGaN systems, and inversion domains are shown to play an important role in defect formation in AlGaN. Such inversion domains are often found in GaN layers grown on sapphire, in addition to other defects such as dislocations and stacking faults. [8] [9] [10] [11] The polarity of the GaN is reversed at the domains, 12 which are usually narrow and traverse from the GaN/sapphire interface to the top surface of the sample. Similar domains have been shown to play a fundamental role in the formation of large pyramids that grow from the surface of GaN. 13 Thick AlGaN layers and superlattices of AlGaN/GaN were grown on thick layers of GaN at 1150°C by metalorganic chemical vapor deposition. ͑0001͒ oriented sapphire was always used as the substrate. Nitridation of the sapphire was not used. Initially, a thin GaN buffer layer was deposited at 500°C, followed by a thick GaN layer grown at elevated temperature using a two-step growth method. 14, 15 Layers were grown with 6 and 8 at. % Al, and the AlGaN/GaN superlattices had periodicities of 9, 20, and 30 nm. The microstructure of the layers was investigated by transmission electron microscopy ͑TEM͒. Cross sections were prepared by embedding small pieces of the samples face to face in a 3 mm diameter Ti grid, 16 followed by grinding to a thickness of 50 m and Ar ϩ ion milling until perforation. Conventional microscopy was carried out in a Philips CM20 TEM at 200 kV, high-resolution images were taken on a JEOL JEM-4000EX TEM at 400 kV, and chemical maps were obtained on a JEOL JEM-3000F at 300 kV.
Thick ͑1.2 m͒ AlGaN layers showed pits at the sample surface that were superficially similar to those observed in a͒ Author to whom correspondence should be addressed; electronic mail: pecz@mfa.kfki.hu FIG. 1. Cross section of the sample with a superlattice in the top region. Arrows mark two inversion domains which originate in the GaN buffer layer and traverse through the whole layer to the top surface.
APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 11 12 MARCH 2001 InGaN. 2, 3 The layer surface was flat between the pits, 17 in good agreement with the results of Mazur et al., 7 who found that V-shaped pits in thin AlGaN layers grown on GaN were associated with threading dislocations. Contrary to their findings for AlGaN, as well as to those for InGaN, the pits examined here are connected to inversion domains. 17 Figure 1 shows an image of a cross-sectional sample of an AlGaN/GaN superlattice ͑SL͒ that has a periodicity of 9 nm, a total thickness of ϳ1 m, and an Al content in the AlGaN layers of 6 at. %. V-shaped pits are present on the surface. Arrows mark two inversion domains ͑Fig. 1͒ which originate in the GaN buffer layer and traverse through the whole layer to the top surface. Figure 2 shows the SL layers at high magnification, with the AlGaN marked by arrows. Dislocations are present in the SL region, and one of the threading dislocations ͑visible on the left side of Fig. 2͒ has traversed into the SL from the thick GaN. The AlGaN/GaN interfaces are sharp and parallel to the surface. Highresolution images ͑e.g., Fig. 3͒ show that the pits are connected to inversion domains. ͑Figure 3 shows two overlapping pits instead of the more common discrete pits.͒ This configuration was observed in many pits and also in the thick layers. Both energy-selected imaging and energy dispersive x-ray mapping ͑Fig. 4͒ confirmed the presence of segregated Al within each pit. Bright field images ͑Fig. 5͒ show that the superlattice layers follow the sidewall of each pit, in contrast to the InGaN system in which equivalent layers end sharply. 5 The pits are most likely to result from the slower growth rate of the layers above each inversion domain than above the matrix, and this slower growth rate may in turn result from the fact that the layers form below the segregated Al ͑Fig. 4͒. In contrast, inversion domains in GaN can grow faster than the GaN matrix around them, to form pyramids on the sample surface. 9, 11, 13 Inverted pyramids are never observed in GaN.
The present study has shown that in the AlGaN/GaN system inversion domains originate from the low temperature GaN buffer layer ͑adjacent to the sapphire͒ and traverse the SL to emerge at the top surface of the sample in the middle of a V pit ͑see the two inversion domains marked by arrows in Fig. 1͒ . The results highlight the fact that the suppression of inversion domains in the GaN layer must be addressed in order to decrease the defect density in the overlying layers. Further work is needed to investigate systematically the pit formation in the thick layers and in the superlattices taking into account the built-in strain as well.
Financial support from OTKA under Contract No. T 030447 is acknowledged. B.P. acknowledges the Department of Materials, Oxford University for access to the JEOL 4000 EX and JEOL 3000F microscopes.
